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Introduction {#sec001}
============

Magnetic fields with different intensities naturally exist in the world. The Earth's magnetic field of around 0.3--0.6 Gauss is required for many animals to navigate during migration. A permanent magnet composed of many magnetic dipoles produces its own static magnetic field (SMF). SMFs are time-independent fields and can interact directly with moving charges. To date, there were many in vivo and in vitro studies highlighting the beneficial effects on biological systems with SMF exposure \[[@pone.0191078.ref001]\]. For example, Jing *et al*. showed that 180 mT SMF presented a beneficial effect on diabetic wound healing in 3-month-old rats \[[@pone.0191078.ref002]\]. The acceleration of new bone tissue formation \[[@pone.0191078.ref003]\], the stimulation of neurite outgrowth \[[@pone.0191078.ref004], [@pone.0191078.ref005]\], the pain relief \[[@pone.0191078.ref001], [@pone.0191078.ref006]\], blood pressure modulation \[[@pone.0191078.ref007]\], and the anti-inflammatory effects \[[@pone.0191078.ref008]\] by SMF exposure were also observed. One fascinating therapeutic use of SMF is the cancer-fighting application, in which researches have shown that solo SMF has the potential to inhibit cancer cell through different mechanisms, such as retarded vessel maturation by anti-angiogenesis \[[@pone.0191078.ref009]\], reduction in immunoreactive p53 expression \[[@pone.0191078.ref010]\], and influence on the calcium signaling pathway \[[@pone.0191078.ref011]\].

Although the above results provided some understandings about the effect of SMF on cancer cells, most studies claimed that SMF as monotherapy is not sufficiently successful, but prefers the combinational effects with chemotherapy drugs \[[@pone.0191078.ref010], [@pone.0191078.ref012]\]. For example, the efficacy of conventional chemotherapy drugs such as Taxol \[[@pone.0191078.ref013], [@pone.0191078.ref014]\], Cisplatin \[[@pone.0191078.ref015]\], and Doxorubicin \[[@pone.0191078.ref012]\] were enhanced by moderate SMF with different intensities. These data indicate that SMF might be an assisted method for cancer chemotherapy, allowing minimum dosage of drugs to produce maximum curative effect. However, the mechanism of the synergistic effect between SMF and anticancer drugs is far from being understood. Some researches provided evidence of SMF-induced changes of cell surface structure increasing the permeability of cell membranes \[[@pone.0191078.ref012]\]. Gellrich *et al*. found SMF increased tumor microvessel leakiness and improved antitumoral efficacy in combination with paclitaxel in vivo \[[@pone.0191078.ref014]\]. Nevertheless, the increased permeability can hardly explain the drug-specific synergism or antagonism behavior between SMF and different drugs \[[@pone.0191078.ref012], [@pone.0191078.ref013], [@pone.0191078.ref016]\], and so far little attention has been put on the interaction between SMF and drugs. Besides, the drugs used in these experiments are all conventional chemotherapy drugs, which may cause unpleasant side effects. Nowadays, there has been an emerging area of cancer prevention and cure focused on natural compounds, especially the dietary products because of their low toxicity and potent efficacy. In this work, we choose capsaicin to be studied, which is the major pungent ingredient of the hot chili peppers and responsible for their spicy flavor. In particular, recent studies have demonstrated the anti-cancer activity of capsaicin in various types of cancer models \[[@pone.0191078.ref017], [@pone.0191078.ref018]\]. Capsaicin binds to distinct cell surface receptors, including the most well-known ion channel transient receptor potential vanilloid 1 (TRPV1) \[[@pone.0191078.ref019]\]. TRPV1 channel is a non-selective cation channel, which has an important role in heat sensors. This ion channel is activated by several physical, chemical and biological factors \[[@pone.0191078.ref020]\]. Drugs which could regulate TRPV1 channel activity could be useful for the treatment of conditions ranging from chronic pain to hearing loss \[[@pone.0191078.ref021]\]. Previous studies have shown that TRPV1 acts as a tumor suppressor through inducing tumor apoptosis upon activation by its agonist \[[@pone.0191078.ref022]\]. Therefore, in this study, the involvement of TRPV1 was also investigated in the HepG2 cells undergoing capsaicin and SMF induced apoptosis.

Previous research had shown the time-dependent modifications of HepG2 cells during exposure to SMF \[[@pone.0191078.ref011]\]. However, the data indicated that the biological effects of 6 mT SMF on HepG2 cells are not cytotoxic. Besides, capsaicin-induced apoptosis was also observed in HepG2 cells \[[@pone.0191078.ref023]\]. Therefore, the objective of this study was to investigate the synergistic anti-cancer effect of SMF and capsaicin on HepG2 cells.

In this paper, we study the combinational anti-cancer effects of SMF with capsaicin by means of the cell viability as well as light microscopy. The apoptotic signaling pathways were evaluated by Western blot analysis and immunofluorescence microscopy. Our results demonstrated that SMF enhanced the effect of natural compound, capsaicin, to inhibit the growth of cancer cells for the first time. The TRPV1 activation was confirmed to participate in the synergistic anti-cancer effect by the antagonist experiment and the change of calcium in cytoplasm related to the treatments. These data first indicate that combining SMF exposure with capsaicin is a promising therapy strategy, which sheds light on new anti-cancer treatments in combination of magnetic field and other nature compounds.

Materials and methods {#sec002}
=====================

Cell culture and treatment {#sec003}
--------------------------

The HepG2 cell was purchased from Bioresource Collection and Research Center and cultured in DMEM medium (Hyclone) supplemented with 5% fetal bovine serum, 100 units/ml penicillin, and 100 μg/ml streptomycin. Cells were maintained in a humidified atmosphere composed of 5% CO~2~ and 95% air at 37°C. Cells were plated in 3 cm culture dishes at 1 x 10^5^ cells per dish 24 h before they were treated with or without capsaicin (Sigma) and SMFs for 72 h. The SMF groups were placed on cylindrical permanent magnets ([Fig 1D](#pone.0191078.g001){ref-type="fig"}) derived from the rare earth material neodymium iron boron. The magnetic flux density of \~ 0.5 T was measured in the center of the cylindrical magnet by means of a digital gaussmeter (Model: TM-701; Kanetec Co., Japan). TRPV1 antagonist SB-705498 (Targetmol) was incubated with the cells 30 min before SMF and capsaicin treatments.

![Viability and light microscopy images of HepG2 cells.\
(A) Dose-response curve of HepG2 cells treated with different concentrations of capsaicin for 72 h. (B) Cells were treated with different concentrations of capsaicin with or without 0.5 T SMF for 72 h and then the residual cell viability was measured by MTT assay. (C) Representative bright field images after treatment for 72 h. (D) SMF exposure setup. Data represent the mean ± SD. \**p* \< 0.05 and \*\**p* \< 0.01. Scale bar: 300 μm.](pone.0191078.g001){#pone.0191078.g001}

Cell viability assay {#sec004}
--------------------

Viability of HepG2 cells after treatments with SMF and capsaicin was assessed by MTT assay. Briefly, the medium was replaced with MTT solution (0.5 mg/mL in DMEM) and incubated at 37°C for 3.5 h. During this period, the ability of mitochondrial dehydrogenases to reduce the MTT to formazan is an indicator of cellular viability. The supernatants were then replaced with DMSO and incubated for complete solubility of formazan crystal. The optical density of each well was then determined at 570 nm using a FLUOstar OPTIMA microplate reader. The cell viability was calculated based on the intensity of formazan, and expressed as percentage of non-treated control.

Western blot analysis {#sec005}
---------------------

Protein expression levels were investigated by Western blot of whole HepG2 cell lysates. Adherent cells were washed with cold PBS, and scraped off from culture dishes in RIPA lysis buffer supplemented with protease and phosphatase inhibitor cocktail. The collected cells were lysed by incubation with the lysis buffer for 30 min on ice. Lysates were vortexed and centrifuged at 15,000 rpm for 30 min at 4°C. After centrifugation, the supernatants were collected and the protein concentrations were determined by Bradford Protein Assay (BioShop, Canada) using bovine serum albumin as standard. Each lysate was denatured for 5 min at 95°C in SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 5x sample buffer. An equal amount of proteins (30 μg) were resolved by 10% SDS-PAGE at 40 mA for 2 h and transferred to a polyvinylidene fluoride (PVDF) membrane. The PVDF membrane was stained with Ponceau S to verify the proper transfer. Nonspecific protein binding was blocked in 5% nonfat dry milk in TBST (20 mM Tris-base, pH 7.6; 0.15 M NaCl, 0.1% Tween 20) for 1 h at RT. After blockage, the membranes were probed with specific primary antibodies diluted in blocking solution overnight at 4°C. The membranes were washed four times with TBST solution for 5 min each, and then incubated with horseradish peroxidase-conjugated goat anti-rabbit secondary antibodies (1:500 dilution; Jackson ImmunoResearch Inc.) in blocking solution. The density of the targeted bands was visualized by the enhanced chemoluminescence (ECL) substrate (Advansta). Signals were detected by image system (Amersham Imager 600; GE Healthcare Life Science).

Immunofluorescence microscopy {#sec006}
-----------------------------

At the end of capsaicin and SMF treatments, cells were washed with PBS and fixed with 3.7% paraformaldehyde (PFA; Sigma) in PBS for 15 min at RT. Fixed cells were then permeabilized with 0.1% Triton X-100 in PBS for 15 min. Nonspecific protein binding was blocked with 1% BSA in PBS for 20 min at RT. After washing three times with PBS, the cells were incubated with anti-β-tubulin (1:1000 dilution; Abcam) and anti-active caspase-3 (1:800 dilution; Cell Signaling Technology) primary antibodies overnight at 4°C. The cells were then washed three times in PBS, and incubated in the Alexa Fluor 488-conjugated donkey anti-goat secondary antibody and the Alexa Fluor 647-conjugated donkey anti-rabbit secondary antibody (1:500 dilution; Jackson ImmunoResearch Inc.) for 1 h at 37°C in the dark. The coverslips were mounted to slides in mounting medium with DAPI (Abcam). The mounted samples were examined by a Zeiss LSM 880 inverted laser scanning confocal microscope. Pictures of randomly selected areas were taken for each sample and representative micrographs are shown in the figures.

Flow cytometry {#sec007}
--------------

Apoptosis was analysed by flow cytometry with the Annexin V-FITC and propidium iodide (PI) double-staining method (BD Biosciences). Cells used for flow cytometry were collected by trypsinization and washed three times with ice-cold PBS before they were resuspended in 1× binding buffer. Then, 100 μL of the solution (2 x 10^5^ cells) was transferred to a 5 mL culture tube. Cells were stained with Annexin V and PI for 15 min at 25°C in the dark. Another 400 μL of the 1× binding buffer was added to each tube before they were analysed by flow cytometry.

Intracellular calcium assay {#sec008}
---------------------------

The levels of calcium in HepG2 cells was determined by Rhod-4 no wash calcium assay kit (Abcam). Approximately 4×10^4^ cells/well of HepG2 cells were seeded in 96-well black wall clear bottom plates overnight. The SMF was treated 4 h before the experiment. The growth medium was replaced with HHBS medium (Gibco) and 100 μL/well of Rhod-4 dye-loading solution was added into the cell plates 1 h before the experiment. The calcium concentration was measured by monitoring the fluorescence intensity at Ex/Em = 532/555 nm using the FlexStation 3 microplate reader (Molecular Devices) just after the capsaicin administration.

Statistical analysis {#sec009}
--------------------

Each data point represents the average from three independent experiments (n = 3) and is expressed as mean ± standard deviation. Differences of statistical significance were determined by a one-way analysis of variance (ANOVA), followed by Tukey's post-hoc test. \**p* \< 0.05 and \*\**p* \< 0.01 compared with control. Analyses were carried out using OriginPro graphing software (OriginLab).

Results {#sec010}
=======

0.5 T SMF increases the inhibition effect of capsaicin on HepG2 cell proliferation {#sec011}
----------------------------------------------------------------------------------

We used MTT assay to examine the viability of HepG2 cell under SMF and/or capsaicin administration. Cells were treated with capsaicin, combined with or without SMF exposure for 72 h. [Fig 1A](#pone.0191078.g001){ref-type="fig"} shows that the HepG2 cells were inhibited by capsaicin in a dose-dependent manner. Cell proliferation was reduced significantly when the concentration of capsaicin was above 100 μM. Previous studies had shown that 100 μM capsaicin induced significant neurotoxicity in cultured neuron cells \[[@pone.0191078.ref024]\]. In this study, we aim to investigate the combinational effect of capsaicin and SMF, so we choose the concentrations of capsaicin below 100 μM. We first evaluate the effect of 0.5 T SMF on the viability of HepG2 cells. Our results show that the HepG2 cell proliferation of the SMF treated group did not differ from that of the control group, indicating that SMF alone will not cause inhibition effect on HepG2 cells. Interestingly, the experiments showed that 0.5 T SMF could increase the efficacy of capsaicin in HepG2 cells. For example, the viability of HepG2 cells in the group treated with 50 μM capsaicin can be further reduced by about 20% in combination with 0.5 T SMF ([Fig 1B](#pone.0191078.g001){ref-type="fig"}). For 75 μM capsaicin, which already reduced the viability of HepG2 cells, its inhibition effect was also increased by 0.5 T SMF. Light microscopy images also showed significant inhibiting effect in the SMF + capsaicin group after 72 h treatment ([Fig 1C](#pone.0191078.g001){ref-type="fig"}).

Effect of capsaicin and SMF on expression of Bax and Bcl-2 proteins {#sec012}
-------------------------------------------------------------------

To investigate the role of proteins involved in capsaicin and SMF-induced cell death, we carried out Western blotting of Bcl-2 family proteins Bax and Bcl-2. It was known that the increased Bax/Bcl-2 ratio indicates the up-regulation of apoptotic signaling pathways \[[@pone.0191078.ref025]--[@pone.0191078.ref027]\]. The Western blot result ([Fig 2](#pone.0191078.g002){ref-type="fig"}) shows that 50 μM capsaicin caused an elevation in Bax protein level, and the level was further enhanced under SMF stimulation. On the contrary, the Bcl-2 protein level was decreased in the capsaicin and capsaicin plus SMF treated groups. As a result, the increased Bax/Bcl-2 ratio in the capsaicin treated group was further elevated under SMF stimulation. The result confirmed that the potency of capsaicin was indeed increased under 0.5 T SMF exposure.

![Western blot analysis of Bax and Bcl-2 proteins.\
Immunoblot results are from a representative experiment with β-actin as loading control. The density of Bax/Bcl-2 ratio was converted to grayscale value and normalized to the control. Data represent the mean ± SD. \*\**p* \< 0.01.](pone.0191078.g002){#pone.0191078.g002}

SMF enhances the effect of capsaicin-induced apoptosis {#sec013}
------------------------------------------------------

To further understand the mechanism of capsaicin and SMF-induced cell death, we investigated the cleaved caspase-3 expression on HepG2 cells by confocal microscope. Caspase-3 is one of the key executioners of apoptotic events in cells, and since it serves as a convergent downstream from different signaling pathways, it is well suited as an indicator in an apoptosis assay. In experiments, HepG2 cells were double-stained with β-tubulin and active caspase-3, and DAPI was used to visualize the nuclei of cells. As seen in [Fig 3](#pone.0191078.g003){ref-type="fig"}, the cell shape was clearly outlined by β-tubulin marker. Typical morphological changes of cell apoptosis, such as blebbing and nucleus fragmentation can be detected in DAPI staining (zoomed-in views in [Fig 3](#pone.0191078.g003){ref-type="fig"}). An antibody against cleaved caspase-3 showed negligible signal in the control cells, whereas the active caspase-3 signals were increased in capsaicin treated cells, and further increased under SMF treatment ([Fig 3](#pone.0191078.g003){ref-type="fig"}). The cleaved caspase-3 immunofluorescent signals caused by 50 μM capsaicin treatment were significantly increased under SMF exposure, which again demonstrated the synergistic effect of SMF and capsaicin.

![SMF exposure aggravated active caspase-3 intensities.\
Confocal images of HepG2 cells treated with 50 μM capsaicin with or without SMF for 72 h. Red fluorescence represents active caspase-3 staining; cell shapes were marked with β-tubulin green fluorescence and nuclei were labeled with DAPI. The upper right corner in the DAPI group showed the zoomed-in view of nuclei. Scale bar: 50 μm.](pone.0191078.g003){#pone.0191078.g003}

SMF increases capsaicin-induced HepG2 cell apoptosis {#sec014}
----------------------------------------------------

To confirm whether SMF and capsaicin decreased cell survival by the induction of apoptosis, HepG2 cells were cultured with capsaicin with or without SMF exposure and then assessed with flow cytometry. Cells were double stained with Annexin V-FITC and PI. Annexin V has a strong affinity for phosphatidylserine (PS) residues, and therefore can be used as a probe for detecting apoptosis. [Fig 4](#pone.0191078.g004){ref-type="fig"} shows that incubation with 50 μM capsaicin for 72 h did increase the percentage of apoptotic cells from 1.5% in the control group to 32.1%. Co-treatment with SMF exposure significantly enhanced capsaicin-induced HepG2 cell apoptosis to 59.3%.

![In vitro assessment of apoptosis via Annexin V-FITC/PI double staining.\
Flow cytometric analysis of Annexin V-FITC and PI-staining. The cells in the lower right quadrant indicate Annexin V-positive, PI-negative, early apoptotic cells. Percentages of viable, early and late apoptotic cells in different conditions were listed in the table below.](pone.0191078.g004){#pone.0191078.g004}

Blocking capsaicin-binding TRPV1 affects the synergistic anti-cancer activity of SMF and capsaicin {#sec015}
--------------------------------------------------------------------------------------------------

In order to realize whether TRPV1 is involved in the synergistic anti-cancer effect, the selective TRPV1 antagonist SB-705498 ((N-(2-bromophenyl)-N'-\[((R)-1-(5-tri-fluromethyl-2-pyridyl)pyrrolidin-3-yl)\]urea) was incubated with the cells 30 min before SMF and capsaicin treatments \[[@pone.0191078.ref028]\]. We found that incubation of HepG2 cells with TRPV1 antagonist abrogated the effect of SMF and capsaicin induced cell apoptosis as evidenced by the MTT viability assay (see [Fig 5](#pone.0191078.g005){ref-type="fig"}). The result showed that disrupting the function of TRPV1 blocked the enhanced effect of SMF on cancer cell apoptosis. This suggests that the SMF enhanced apoptosis may be mediated by the TRPV1-dependent mechanisms.

![Inhibiting TRPV1 with a function-blocking antagonist negates the effect of SMF enhanced antiproliferative effect.\
50 μM: capsaicin, Ant: antagonist (50 nM), M: SMF. Data represent the mean ± SD. \*\**p* \< 0.01.](pone.0191078.g005){#pone.0191078.g005}

Effects of capsaicin and SMF on intracellular calcium levels {#sec016}
------------------------------------------------------------

The fluorescence of the Rhod-4 loading dye is greatly enhanced once inside the cell and binding to calcium. Intracellular calcium concentrations were measured with a microplate reader at Ex/Em = 532/555 nm. [Fig 6](#pone.0191078.g006){ref-type="fig"} shows that capsaicin treatment greatly increased the intracellular calcium concentration which is a known fact since capsaicin is a TRPV1 channel agonist. On the other hand, SMF alone did not influence the calcium level significantly. Interestingly, the combined treatment of SMF and capsaicin significantly increased the calcium concentration compared with capsaicin only group.

![Effects of 50 μM capsaicin and SMF on intracellular calcium levels.\
Data represent the mean ± SD. \**p* \< 0.05.](pone.0191078.g006){#pone.0191078.g006}

Discussion {#sec017}
==========

The focus of our research was to investigate the synergistic anti-cancer effect of SMF and capsaicin on HepG2 cells. Liver cancer is one of the most frequent and leading cause of cancer death. The incidence of liver cancer is rising worldwide due to various factors that may cause cirrhosis, including the widely disseminated hepatitis B and C viruses and alcohol use. The therapeutic efficacy of recent surgery and chemotherapy are limited, and some of the chemotherapy drugs may cause more severe side effects in people with cirrhosis \[[@pone.0191078.ref029]\]. Therefore, research looking for appropriate drugs and method which produce maximum effect and minimum unpleasant side effects is a matter of vital importance. Previous studies have shown that SMF has the ability to enhance the effect of some anti-cancer drugs \[[@pone.0191078.ref014]\]. However, most studies still remain focusd on conventional chemotherapy drugs. No attempt was made to investigate the combinational effect of SMF and natural compounds. To date, cancer therapy and prevention by natural compounds have shown promising results against various malignancies in vitro and in vivo \[[@pone.0191078.ref030]\]. Due to their low cytotoxic effects in normal cells, natural products had been a highly useful source for anti-cancer drugs. The novelty of this study is the use of capsaicin, one of the food additive consumed worldwide, in combination with SMF to further inhibit the cancer cells. In agreement with other reports \[[@pone.0191078.ref018]\], we found capsaicin also induces cell inhibition on HepG2 cells in a dose dependent manner. In this study, we choose lower concentration of capsaicin (\< 100 μM) to investigate the biological effects in capsaicin-treated cancer cells under the exposure of SMF. Regarding to the combination of SMF exposure with capsaicin, our results in the cell viability assay have provided clear evidence for an additional synergistic effect of the combination therapy. In comparison to the monotherapy of SMF or capsaicin, the combination treatment yielded a higher inhibition effect in tumor growth. In the present study, we found that 50 μM capsaicin is the most effective parameter to work synergistically with SMF. This result suggests that there is an appropriate treatment level that magnetic field and anti-cancer drugs could inhibit the cancer cell proliferation synergistically.

Literature reports indicate that capsaicin binds to distinct cell surface receptors \[[@pone.0191078.ref031], [@pone.0191078.ref032]\] and can modulate membrane protein function by altering bilayer elasticity \[[@pone.0191078.ref033]\]. In particular, efforts have been made to understand the specific and selective receptor for capsaicin, TRPV1 \[[@pone.0191078.ref019], [@pone.0191078.ref034], [@pone.0191078.ref035]\]. Studies had shown that the activation of TRPV1 is capable of inducing apoptosis and inhibiting cancer cell growth by cell cycle arrest in many different types of cancer, while normal cells remained unharmed \[[@pone.0191078.ref022], [@pone.0191078.ref036], [@pone.0191078.ref037]\]. In order to examine whether the capsaicin-induced apoptotic effect was mediated by TRPV1, the TRPV1-specific antagonist SB-705498 \[[@pone.0191078.ref028]\] was used and incubated with the cells before the capsaicin and SMF treatments. As a result, the enhanced anti-cancer effect was diminished by the TRPV1 blocker. Hence, in this study, the synergistic effect could be due to that SMF increased the binding efficiency of capsaicin for the TRPV1 channel, thereby altering the activation kinetics and the downstream apoptotic pathways. To further confirm that the TRPV1 activity was indeed influenced by SMF and capsaicin, we performed the calcium assay to measure the intracellular calcium levels after the treatments. The results showed that capsaicin indeed activated the TRPV1 channel. Interestingly, while SMF alone did not influence the calcium concentration, SMF and capsaicin synergistically increased the cytoplasmic calcium concentrations. The results confirm the suggestion that TRPV1 activity plays an important role in the SMF enhanced anti-cancer effect. Many studies attempt to provide explanations for the enhancement effect caused by SMF, however, as far as we know, the drug-specific phenomenon could not be explained satisfactorily. Thus, more studies will be necessary to elucidate the role of SMF played on specific anti-cancer drugs. Previous study suggested that during moderate SMF exposure, the reorientation of membrane phospholipids will result in the deformation of imbedded ion channels, and hence influences channel activations \[[@pone.0191078.ref038]\]. Besides, experimental data had shown that SMF affected the TRPV1-modulated nociceptive processes \[[@pone.0191078.ref039], [@pone.0191078.ref040]\]. Therefore, in this study, part of the mechanism by which SMF affects capsaicin activity may involve a conformational change of TRPV1 ion channel, possibly making it more available to capsaicin. In other words, SMF increases the probability of interaction between capsaicin and the transmembrane ion channel TRPV1 and thus enhances the anti-cancer effect exhibited by capsaicin.

Previous studies have shown that apoptosis is an important procedure for chemotherapeutic agents-induced tumor cell death \[[@pone.0191078.ref041]\]. In our case, we found that capsaicin induced apoptosis in HepG2 cells, as evidenced by the flow cytometry result. When the capsaicin-treated group was under SMF exposure, the Annexin V positive cells were further increased, indicating the efficacy of capsaicin was indeed enhanced by SMF. It has been postulated that apoptotic signal is regulated by two subgroups of pro-apoptotic proteins and anti-apoptotic proteins \[[@pone.0191078.ref042]\]. For instance, the balance of the apoptosis-promoting protein Bax and apoptosis-inhibiting protein Bcl-2 subtly controls the apoptotic signaling pathway by regulating mitochondrial function. Bax is a member of the Bcl-2 protein family and its expression is regulated by the tumor suppressor p53 gene \[[@pone.0191078.ref043]\]. In healthy cells, Bax is located mostly in the cytosol, but upon initiation of apoptotic signaling, it undergoes a conformational change, and becomes more membrane-associated \[[@pone.0191078.ref044]\]. Basically, it can be realized from earlier studies that Bax increases the mitochondrial membrane permeability by interacting with voltage-dependent ion channel \[[@pone.0191078.ref045]\] or forming oligomeric pores in mitochondrial outer membrane \[[@pone.0191078.ref046]\]. This results in the release of cytochrome c and other apoptotic factors, and thus activates caspase-9 which processes the main executioner caspase-3, finally reaching the "point of no return\'\' in apoptotic pathway \[[@pone.0191078.ref047]\]. On the contrary, the apoptosis-inhibiting protein Bcl-2 provides survival signals to the cell. Studies have shown that the Bax/Bcl-2 ratio is an important index which determines the susceptibility to apoptosis in cancer cells \[[@pone.0191078.ref025]\]. In accordance with this, we found that capsaicin increased the Bax/Bcl-2 ratio in HepG2 cells, indicating the apoptotic signal was induced. It was also in agreement with the flow cytometry result showing increased population of apoptotic cells. Moreover, the Bax/Bcl-2 ratio was further increased by SMF exposure, which again revealed the assisted virtue of SMF. In this work, we also showed that the level of active caspase-3 was increased in capsaicin-treated HepG2 cells by immunofluorescence microscopy. Caspase-3 is considered to be the main executioner in the apoptotic process, once it is activated, the apoptotic process is at the point of no return \[[@pone.0191078.ref047]\]. In the combinational treatment, our results demonstrated for the first time that SMF significantly increased the capsaicin-induced caspase-3 fluorescence intensity, which unambiguously confirms the anti-tumor efficacy of capsaicin can be enhanced by SMF treatment.

In conclusion, we show that capsaicin and SMF could synergistically inhibit HepG2 cancer cell growth through mitochondria-dependent apoptosis pathway. The potency of capsaicin against cancer cells was significantly enhanced by SMF. The underlying mechanism could be due to that SMF induces conformational change of TRPV1 ion channel and facilitates the interaction between capsaicin and TRPV1 channel, thus enhancing the anti-cancer effect exhibited by capsaicin. This study yields important implications for the therapeutic usage of anti-cancer drugs in combination with SMF, which opens new doors in the development of new strategies in fighting cancer with minimum cytotoxicity and side effects. Further studies are needed to understand the specific role SMF played on anti-cancer drugs and to optimize SMF parameters and appropriate drug combinations.
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